Gastric lymphoma/Intrafractional organ motion/Interfractional organ shape/Stomach/Treatment margins.
INTRODUCTION
Surgery had a prominent role in the management of earlystage gastric lymphoma in the past. However, the advent of gastroscopy and improvements in both chemotherapy and radiation therapy (RT) rendered obsolete the need for surgical resection. Radiotherapy plays an important role in the treatment of primary gastric lymphoma. 1, 2) Previous nationwide study with regard to gastric lymphoma demonstrated that RT had a satisfactory outcome without causing significant toxicity, and RT has been a well-accepted treatment option for patients with gastric lymphoma irrespective of histologic subtype. 3) In many cases of gastric lymphoma, RT is delivered to the whole stomach with adequate margins taking respiratory movement into consideration. However, it is well known that variation in the size, shape, and location of the stomach in relation to other organs is observed. Furthermore, it is also recognized that variations in stomach filling and respiratory motion lead to uncertainties with regard to target localization and reproducibility during simulation and RT. 4) Several advances have been reported to minimize the uncertainty of target localization and reproducibility during RT for lung, liver, and intrapelvic tumors. 5, 6) These technologies include a corset or fixing cradle to reduce diaphragmatic movement, respiratory gating, and a gold marker tracking system. Although all these innovations have been shown to be beneficial for these tumors, they do not seem to be satisfactory for gastric lymphoma, because not only does respiration affect the localization of the stomach, but also the gastric shape vary considerably in response to stomach filling. A four-dimensional CT-based evaluation indicated that individualized filed margins were necessary. 7) The majority of studies on organ motion and set-up uncertainties have focused on solid organs. Only a few published studies have been carried out on patients with hollow organs. To the best of our knowledge, few studies systemically investigating the respiratory movement of the stomach and variations in gastric dimensions in patients with gastric lymphoma have been published.
We have previously reported a case of gastric diffuse large B-cell lymphoma, whose stomach did not show identical content and localization during treatment regardless of our strict preparation for RT to minimize gastric filling. 4) Recently we evaluated the intra-and the interfractional gastric motion by fluoroscopy systematically.
8) Thus, we extended our previous findings in this study to further elucidate intra-and interfractional gastric motion using repeated CT scans.
MATERIALS AND METHODS

Patient characteristics
Six consecutive patients with gastric lymphoma treated at our institution between June 2006 and August 2008 were included in this study. Characteristics including age, gender, histologic subtype, and stage are shown in Table 1 . Patients with lymphoma other than mucosa-associated lymphoid tissue-type lymphoma (MALT) received radiation therapy after chemotherapy in complete response.
Simulation procedures
Target localization and reproducibility during simulation and treatment for gastric lymphomas are complicated by uncertainty arising from respiratory motion and variation in stomach filling. To reduce this uncertainty, special procedures are employed in each institution. The details of our procedures have already been described elsewhere. 4, 8) In brief, we gave instructions for patients to avoid deep breathing during the simulation and treatment. We also performed a simulation, and delivered RT before lunch after an overnight fast to minimize the stomach volume.
These patients underwent repeated CT scanning at mild inhale and exhale before their course of treatment. In addition, we took planning CT scans at free shallow breathing. All patients were gave informed consent about frequent CT scans as routine practice. A total of 58 CT series were collected. The planning CT scans and the daily repeated scans consisted of 3 mm thick slices with 3 mm interval covering the whole stomach, duodenum, liver and kidneys. All patients were scanned by our dedicated CT scanner (Picker CT simulator, Philips, Amsterdam, The Netherlands). All patients received RT under free shallow breathing without any fixing cradle or corset to reduce diaphragmatic movement. We did not also apply a respiratory gating system.
Image registration and measurement
The CT scans were transferred to a commercially available treatment planning system (Xio, CMS, Japan, Tokyo). The repeated CT scans were matched on bony anatomy to the planning scan. The stomach and duodenal bulb were contoured on all CT scans.
We assumed that the stomach was rectangular parallelepiped, which was automatically determined by treatment planning system, and used the center of the rectangular parallelepiped as the center of the stomach to measure the gastric motion. The center of stomach was determined in the X (lateral), Y (superior-inferior), and Z (ventro-dorsal) coordinate system to evaluate the intra-and interfractional motion of the stomach on each CT scan.
First, we calculated the distance between the center of stomach at mild exhale and the corresponding point at mild inhale to evaluate intrafractional motion in all paired CT scans. We used CT scans at mild exhale as a reference. Digital reconstruction radiographs (DRR) are shown in Fig.  1 . Next, we assessed the differences of the position of the All values are in mm. Abbreviations: Pt = patient; SI = superior-inferior; LAT = lateral; VD = ventro-dorsal. All values are in mm. Abbreviations: Pt = patient; SI = superior-inferior; LAT = lateral; VD = ventro-dorsal. center of stomach between the planning CT scan at mild exhale and repeated CT scans at exhale to calculate interfractional gastric motion in each patient. We used the planning CT scan at mild exhale as a reference. Digital reconstruction radiographs (DRR) are shown in Fig. 2 . We then calculated the treatment margins according to the method proposed by van Herk 9) and compared it to our previous findings by fluoroscopy.
8)
RESULTS
Intrafractional gastric motion
Each patient was evaluated four to five times before their course of RT. The intrafractional motion is summarized in Table 2 . The intrafractional shifts are shown in three orthogonal planes in Fig. 3 . The average intrafractional motions were -12.1 ± 12.8, 2.4 ± 7.0 and 4.6 ± 8.0 mm for the superior-inferior (SI), lateral (LAT), and ventro-dorsal (VD) direction. The average of the vector length was 17.5 ± 11.4 mm.
Interfractional gastric motion
We next assessed the variability of the interfractional motion (Table 3 ). Figure 4 illustrates the interfractional shifts in three orthogonal planes. The average interfractional motions of the center of the stomach were -4.1 ± 6.1, 1.9 ± 11.5 and 1.5 ± 8.2 mm for the SI, LAT and VD direction. The average of the vector length was 13.0 ± 8.3 mm.
Treatment margins
We then calculated the treatment margins according to the method proposed by van Herk. 9) He advocated that it was useful to separate the interfractional variations into systematic errors, Σ and random errors, σ. To ensure a minimal dose to the CTV of 95% for 90% of the patients, van Herk determined that 2.5 Σ + 0.7 σ is required for a margin between the CTV and PTV. The systematic and random errors in SI direction were 5.1 mm, and 4.6 mm, respectively. The corresponding figures in LAT and VD directions were 10.9 mm, 5.4 mm, 10.0 mm, and 6.5 mm, respectively. Thus, the 15.9 mm, 31.0 mm and 29.6 mm of margins are required for the SI, LAT, and VD directions, respectively.
Then we compared these results to the previous study, which is evaluated by fluoroscopy. 8) Although we evaluated motion of the stomach wall by fluoroscopy and motion of the center of stomach using CT images, the margins may be smaller than those measured under fluoroscopy (Table 4) . All values are in mm. Abbreviations: Pt = patient; SI = superior-inferior; LAT = lateral; VD = ventro-dorsal.
DISCUSSION
We have elucidated the intra-and interfractional gastric motion using repeated CT scans, which is considerable regardless of our strict preparation for RT. Margins are smaller than those under fluoroscopy and these results indicate that repeated CT scans offers promise as a favorable method of evaluating the interfractional gastric motion to plan radiotherapy.
It is well recognized that the stomach continually changes volume and position not only on a daily basis (interfractional variation) but also during RT (intrafractional variation). The characterization of hollow organ is very complex. For example, Mangar et al. investigated to predict changes in bladder position and the deformity pattern using cine-MRI. 10) The relationship between bladder volume and position were predictable but complex. Redpath et al. quantified the size of the urinary bladder and direction of the daily 3D isocenter shift using image guided radiotherapy (IGRT) and tried to reduce the margins required.
11) Repeated CT scans is one of the promising way to measure organ motion and deformation. But, the stomach was irregular shape compared to the urinary bladder and changes its shape all the time. And so, it is doubtful that isocenter shifting would be suitable for gastric lymphoma.
The uterus, another non-solid organ, is also movable and deformable. Some investigators evaluated intra-and interfractional uterus motion and cervical regression during RT using MRI. [12] [13] [14] They set the points of interest on each image allowing the displacements to be measured. It is hard to apply this method to the stomach, because placing the point is impractical. Previously we have reported the case of gastric lymphoma with marked interfractional gastric movement. 4) We had endoscopically placed the clips so as to define the gastric lesions clearly, but they differed considerably and dropped off easily during RT course. In a previous study, we showed the intra-and the interfractional gastric motion by fluoroscopy. 8) We identified the most superior, inferior, anterior, posterior and lateral site of the gastric mucosal surface on each film, and showed that they were not identical. In this study, we have used the center of the stomach to measure its motion, which was easily applicable to routine clinical practice.
van Herk advocated that it was useful to separate the interfractional variations into systematic errors, Σ and random errors, σ.
9) To ensure a minimal dose to the CTV of 95% for 90% of the patients, they determined that 2.5 S + 0.7 s is required for a margin between the CTV and PTV. According to their recipe, the stomach margins are 15.9 mm, 31.0 mm and 29.6 mm in the SI, LAT, and VD directions respectively. We have previously shown that the margins under fluoroscopy were 29.9 mm, 41.0 mm and 50.8 mm in the SI, LAT, and VD directions respectively (Table 4 ). Compared to CT planning, under fluoroscopy the margins may be larger than CT planning especially in the VD direction although there are many differences between fluoroscopy and CT. For example, fluoroscopy depicts the inside of the stomach, while CT depicts the stomach itself. This result may be explained by the fact that from lateral view gas of the transverse colon and the stomach is confusing on X-ray film in some patients.
Intrafractional gastric motion is also problematic (Fig. 1 and Table 2 ). The main sources of intrafractional gastric motions are respiratory movement and peristalsis. Actually in some patients, there is little necessary to take them into account intrafractional gastric mothions when calculating the margins in clinical settings, because the interfractional motion is large under instructions for patients to avoid deep breathing during the simulation and treatment. Gastric motion is a combination of translations, rotations and changes in morphology (size and shape). It was unclear whether the van Herk recipe 9) could be adapted to this problem. Bunt et al. used weekly MRI scans to derive inhomogeneous PTV margins that accommodate changes in GTV and CTV. 15) For each of the weekly MRI scans, an inhomogeneous margin was generated around the pretreatment CTV encompassing the boundaries of the weekly CTV in the six main directions (anterior, posterior, left lateral, right lateral, superior and inferior). In these margin sizes the influence of internal organ motion as well as tumor regression is included. Muren et al. tried to determine the appropriate treatment margins of the urinary bladder using repeated CT scans. 16) Repeated CTs or MRIs could be useful way to determine CTV and PTV margin of hollow and movable organ. In clinical settings we also determine the RT field for gastric lymphoma in this way. van der Geld et al. used four-dimensional CT scanning to assess the adequacy of landmark-based fields for gastric cancer and to estimate the renal doses. 7) Four-dimensional CT-based evaluation may be useful to measure intra-and interfractional gastric motion and to determine RT field.
We should acknowledge some limitations of our study. First, we failed to assess variability of whole stomach content, rotation and distortion of stomach. Second, we evaluated only small number of patients. However, we should emphasize our findings that inter-and intrafractional gastric variability is considerable among patients, which would affect RT treatment planning for gastric lymphoma.
In conclusion, to the best of our knowledge, this is the first study that systematically evaluated the inter-and the intrafractional gastric motion using repeated CT scans. We have demonstrated not only intrafractional stomach motion, but also interfractional motion is considerable. We demonstrated that the 15.9 mm, 31.0 mm and 29.6 mm margins are required for the SI, LAT, and VD directions, respectively. We need to consider whether these margins are reasonable.
